The analysis of seven Y-chromosome-specific microsatellite loci revealed a high level of polymorphism in two closely related human populations (Dutch, n = 89, and German, n = 70). Four of these loci were found to generate at least 77 different haplotypes, only 15 of which were shared by the two populations. These results demonstrate that highly informative PCR-based DNA typing of the Y chromosome is now feasible. Assuming a stepwise mutation model, a network comprising all minimum spanning evolutionary trees connecting the haplotypes was constructed. Analysis of molecular variance based upon this network indicated that the within-population heterogeneity with respect to haplotype descent was significantly smaller than the between-population heterogeneity, suggesting that males were more closely related to males from their own population as opposed to males from the other population. These findings suggest that Y-chromosomal microsatellites might be very useful not only for forensic purposes but also in association studies of multifactorial traits, allowing the characterization of the level of genetic distinctiveness of supposedly inbred or isolated populations and discrimination even between closely related populations.
INTRODUCTION
The characterization of a still rapidly increasing number of autosomal microsatellite loci in human DNA has not only facilitated the mapping of disease-associated genes (1) , but has also proven capable of providing researchers with valuable tools for analyzing the phylogenetic relationships of human populations (2) . Human evolutionary trees based upon autosomal microsatellite haplotype frequencies closely resemble their counterparts based upon mitochondrial (mt)DNA (3), although there has been at least one report of only marginal overlap (4) . It seemed straightforward to add to the aforementioned types of methods one that is strictly based upon paternal inheritance, thus recruiting Y-chromosomal heterogeneity. The Y chromosome, however, appears to be the least polymorphic human chromosome since only a relatively small number of Y-chromosomal variations have been reported so far (for comprehensive review, see ref. 5 ). Three recent searches for sequence heterogeneity have yielded not more than six different point mutations even though 729 bp, 2.6 kb and 18.3 kb of human Y-chromosomal sequence were screened in several ethnically distinct males (6) (7) (8) .
To date, five microsatellite loci identifying multiple alleles on the Y chromosome have been described (9) (10) (11) . Since at least one of these (DYS19 or Y27H39) exhibited considerable allele frequency diversity between populations (12, 13) , other Y-chromosome-specific microsatellites could be equally useful in identifying male lineages. From existing databases, we obtained information on potentially useful microsatellites. After some initial testing, seven microsatellites were selected for further analysis. Haplotype analysis based upon a subset of four microsatellites revealed a significantly increased between-population heterogeneity with respect to haplotype descent, suggesting that the analyzed males were on average more closely related to males from their own population as opposed to males from the opposite population.
RESULTS

Allele frequency distribution
Dutch (n = 89) and German (n = 70) male controls were typed for seven Y-specific STRs. At loci DYS19, DYS389-II, DYS390 and DYS392 (Table 1) , allele frequencies differed significantly between the two groups. Based upon four loci (DYS19, DYS389-I, DYS389-II and DYS390) a Y-chromosomal haplotype was constructed for each individual. In total, 77 different haplotypes were observed in the combined data set (n = 159), only 15 of which were shared by both groups.
Haplotype diversity values, calculated according to Nei (14) , were 0.962 and 0.988 for the Dutch and German male group, respectively, representing a significant difference (P<0.01).
*To whom correspondence should be addressed Alleles are labeled by their PCR fragment length (in bp). In addition, for DYS19, the often used allelic designation A-E is given (9-11). a P value, indicating the significance of the difference of allele frequency distribution for a given locus between the Dutch and German male-groups, calculated by means of Fisher's exact test.
Haplotype network construction and analysis of molecular variance (AMOVA)
A comparison of allele frequencies (as above) does not take into account the structural relationships between haplotypes and thus does not enable one to infer evolutionary relatedness between populations. To be able to do this, one would have to take into account also the number of mutational events separating two observed haplotypes. This is as important as the difference between their relative frequencies. Thus, we followed the recently developed MST and AMOVA approach (see the Materials and Methods section for some detailed explanation), which was used to analyze complex mtDNA haplotypes (15, 16) in this sense. As a first step, a network comprising all minimum spanning trees (MSTs) connecting the 77 observed haplotypes under a single step mutation (SSM) model was constructed ( Fig. 1) . Two mutations had to be assumed for the integration of four haplotypes, whereas one haplotype required three mutations to fit into the network. From this network, its 77×77 Kirchhoff matrix (15) was next determined which has entries k ij = -1 whenever haplotypes i and j are connected, and k ij = 0 otherwise. Diagonal elements k ii are equal to the number of nodes to which node i is connected. The determinant of any 76×76 submatrix gave the (same) upper limit, 3×10 27 , for the number of MSTs embedded in the network and also indicates (approximately) the number of equally parsimonious trees based on the observed 77 haplotypes.
From this, we concluded that maximum parsimony alone is not sufficient for the evaluation of evolutionary trees connecting these chromosome Y haplotypes and that other criteria are required. The molecular variance, σ 2 , is the average measure of how far the haplotype of an individual in a given sample is away from that of any other individual in terms of mutational events (i.e. sum of branch length along the tree). By analogy to ordinary analysis of variance, σ 2 can be written as σ 2 = σ a 2 + σ w 2 where σ a 2 denotes the molecular variance between populations and σ w 2 is the molecular variance between chromosomes within a population (15, 16) . The ratio Φ ST = σ a 2 /σ 2 reflects how much of the total molecular variance is explicable in terms of population difference in haplotype frequencies. Because of the high number of possible trees, comprehensive minimization of σ 2 and σ a 2 seemed impossible. Therefore, the parameters had to be characterized on the basis of a sufficiently large, representative collection of trees. Figure 2a illustrates the distribution of σ 2 , σ a 2 and their ratio Φ ST as determined from 10 000 randomly chosen MSTs. Evidently, the low haplotype frequencies observed pose tight limits upon Φ ST , which implies that even the best MSTs with respect to σ 2 and σ a 2 would still leave a large proportion of molecular variance attributable to population difference. Nevertheless, similar to mitochondrial data, Y-chromosomal haplotypes yield a strong negative correlation between both σ 2 and σ a 2 and the cophenic correlation coefficient r(O,X) ( Table 2 ). Therefore, we may conclude that molecular variance was indeed a meaningful criterion for tree quality in the Y-chromosomal situation.
In order to extract more information regarding optimal MSTs from the network in Figure 1 , we screened for potential common characteristics the 100 best trees with respect to σ 2 , σ a 2 and r(O,X), out of the 10 000 chosen above. Some branches were indeed common to a number of optimal MSTs, and those found in >50% of them have been marked in bold printing.
Finally, in order to test for a significantly increased between-population molecular variance for the four microsatellites, we randomly distributed the observed haplotypes among the 159 individuals 1000 times for each optimal MST, leaving the combined haplotype frequencies and the population sizes unchanged. From these data, the chance distribution of Φ ST was determined for each and every optimal MST. In Figure 2b , the differences between actual Φ ST and mean Φ ST per MST have been plotted as multiples of the standard deviation and as percentages of the mean. Obviously, although the actual Φ ST differed by only 1-3% from the mean, it was consistently more than three standard deviations larger than the mean. Therefore, the microsatellite haplotypes analyzed in the present study exhibit a highly significant within-population associ- ation when connected by optimal MSTs. In other words, with those MSTs that give the best fit to the unconstrained haplotype data, males are found to be more closely related in terms of haplotype evolution to males from their own population than to males from the other population. 
DISCUSSION
We have demonstrated, for the first time, how sensitive PCR-based methods can be used to characterize highly informative haplotypes of Y-chromosomal microsatellite loci. With four out of the seven microsatellites presented, samples of Y chromosomes could readily be differentiated with respect to their Dutch or German origin on the basis of allele frequencies alone (Table 1) , and as many as 77 haplotypes have been observed for these loci among the 159 males tested. This observed chromosome Y variability seems to contradict restriction fragment length polymorphism (RFLP) studies (17, 18) and sequence analyses (6-8) on the human Y chromosome showing a low level of nucleotide diversity compared with autosomes. Different theories have been proposed for this phenomenon (5), including a simple numerical explanation (four autosomes and three X chromosomes are present for each Y chromosome in a population). The number of microsatellites appears also to be significantly reduced on the Y chromosome (19) . Yet, as is shown by our data, Y chromosomal microsatellites are equally polymorphic as autosomal counterparts (11) . It could be speculated that the reduced number of polymorphisms on the Y chromosome could more likely be the result of the relatively short time which has passed by since the origin of the present-day Y chromosome (19) and the preservation of the human Y chromosome from accumulating variation by male mating patterns and selective processes.
We next attempted to reconstruct the evolutionary relationships between the observed haplotypes. In the majority of recent publications on similar topics, evolutionary trees connecting DNA sequences from living organisms have been based upon maximum parsimony. Adopting an SSM model (2) and procedures previously described to construct MSTs for mtDNA data (15, 16) it was possible to arrange the 77 observed Y-chromosomal haplotypes in a network comprising all MSTs connecting them. However, the upper limit for the number of equally parsimonious MSTs was 3×10 27 , and since the number of branches of equal unit length in the network was very large, the true figure should not be much smaller. Therefore maximum parsimony alone did not allow meaningful tree construction.
For these reasons, we employed analysis of molecular variance (AMOVA), previously described by Excoffier et al. (15, 16) for mtDNA data. AMOVA is based upon the mutational difference between pairs of different haplotypes and yields analogs of variance components and F-statistics, reflecting the haplotype diversity within and between populations. When applied to four of our Y-chromosomal microsatellites, AMOVA revealed a larger mean proportion of between-population (66.8%) than within-population variance (33.2%), taken over all MSTs. Although the haplotype frequency distributions observed in our samples impose tight limits upon these ratios, optimal MSTs with respect to the total and between-population molecular variance could be shown to imply a significantly increased between-population variance component. This is in line with findings obtained for classical Y-chromosomal markers employing Southern blotting techniques (5), but contrasts with previous results using other Y-chromosome microsatellites (20) .
The fact that even under an extremely diverse haplotype distribution (77 haplotypes among 159 males) enough information remained to allow discrimination even between closely related populations may seem counterintuitive at first. It could indeed be argued that if everyone is different from everyone else (or nearly so), population affiliation or common origin is likely to have become obscured. However, this argument is valid only as long as the type of polymorphism employed does not allow one to relate observed differences to an evolutionary time scale. This is, in turn, what we have undertaken, at least qualitatively, for the Y-chromosomal microsatellites, assuming that proximity in the emerging haplotype network implied evolutionary relatedness.
As explained above, the extremely high number of equally parsimonious MSTs (close to 3×10 27 ) prevented us from using the principle of maximum parsimony to construct an evolutionary tree connecting chromosome Y haplotypes based on microsatellite loci. This is in marked contrast with, for example, the very appealing trees presented by Jobling and Tyler-Smith (5) based on base substitutions. With only nine such base substitutions, representative population groups of the world fall into only nine haplotypes. Trees based on these 'slow' polymorphisms seem to reflect long-term evolutionary scenarios allowing us to survey major migration routes as well as the differentiation of major human populations. However, they do not allow separation of recently diverged populations. For this purpose, the rapidly evolving sequences like Y-chromosomal microsatellites seem more appropriate. They could enable the analysis of migration, settlement or mating structure of human populations in historic rather than evolutionary time spans.
For forensic purposes, it would be preferable if even more information could be obtained from a Y-chromosomal haplotype. However, expanding the four locus haplotype to, for example, a seven-locus haplotype including all loci listed in Table 1 , still did not enable us to identify all 159 males individually (results not shown). Nevertheless, we feel that the set of Y-chromosomal microsatellites presented in this manuscript, since the loci can be genotyped with PCR-based methods, will facilitate finding exclusions in, for example, rape and paternity cases in which only limited amounts of DNA are available.
In conclusion, the large within-population diversities noted for haplotypes of Y-chromosomal microsatellites will render them useful markers for forensic purposes. In addition, our results also appear to demarcate their utility in evolutionary and population genetic studies.
A logical expansion of the results presented here would be to compare more diverse and/or more distantly related populations, using more than four microsatellite loci and to directly compare these results with trees based on base substitutions. Such studies are currently under way.
MATERIALS AND METHODS
Subjects
The two groups of unrelated males analyzed in this study (70 Germans and 89 Dutch) comprised controls routinely used for the validation of forensic genetic markers. Care was taken that none of the males shared last names, and that all were white Caucasians.
Markers
Existing databases were searched for microsatellites fulfilling the following four criteria: (i) Y-chromosome specificity; (ii) level of polymorphism; (iii) allowing unequivocal identification of separate alleles; and (iv) robustness of use. A set of seven microsatellites was finally selected and used in the present study. Of these, DYS389 is present on the Y chromosome in at least two copies. Nevertheless, since the corresponding PCR fragments, albeit generated by the same primer pair, differed in length by ∼100 bp, alleles could be unequivocally allocated to either of the two loci. All males were screened for the following tetranucleotide repeat loci (GDB locus names given): DYS19, DYS389-I and -II, DYS390, DYS391 and DYS393. In addition, DYS392, a trinucleotide repeat, was screened. Until complete characterization, we decided to label all alleles by their corresponding PCR fragment length.
Genetic screening
Primer sequences and PCR conditions were essentially as published (11) (12) (13) or as described in the Genome Database (GDB, The Johns Hopkins University, Baltimore), apart from the following modifications: (i) in the Berlin laboratory, radioactive PCR was performed with 25-50 µl volumes containing 20-100 ng of genomic DNA, 50 mM KCl, 10 mM Tris-HCl (pH 8.3), 2 mM MgCl 2 , 0.2 mM of each dNTP (Boehringer, Mannheim, Germany), 20 pmol of each primer, 0.5 pmol of one [γ-32 P] ATP end-labeled primer and 1 U of Taq DNA polymerase (Promega) followed by size-separation of the PCR products on 4% denaturing polyacrylamide gels; (ii) in the Leiden laboratory (and for some loci also in the Berlin lab), fluorescent PCR assays were run in 25 µl volumes containing 20-100 ng of genomic DNA, 50 mM KCl, 10 mM Tris-HCl (pH 8.3), 1.5 mM MgCl 2 , 0.2 mM of each dNTP (Pharmacia, Uppsala, Sweden), 100 ng of each primer with the forward primer marked by a 5′ FITC label, 0.001% (w/v) gelatin and 1 U of Amplitaq polymerase (Perkin Elmer/Roche Molecular Systems, Inc., Branchburg, NJ, USA) followed by separation of the PCR products on 6% denaturing polyacrylamide gels using the ALFT automated sequencer (Pharmacia, Uppsala, Sweden) to detect and analyze the PCR products. A set of five DNA samples was tested in both laboratories in order to ensure consistent allele designation. Reference samples, allelic ladders, detailed protocols and further information on all markers are available from the authors upon request.
Statistical analysis
Differences in allele frequencies were tested for significance using the R*C Fisher-Exact method included in the StatXact software package (Cytel software corporation, Cambridge MA, USA). Haplotype diversity values were calculated and their differences tested for significance according to Nei (14) .
Haplotype network construction
Maximum parsimony is generally accepted as an intelligible criterion for the quality of candidate evolutionary trees connecting haplotypes, and a tree is regarded as sensible if it minimizes the total number of substitutions along its branches. Trees fulfilling this requirement are usually termed MSTs. In general, however, more than one MST will exist for a given set of haplotypes, and their superimposition generates a so-called 'haplotype network'. In the present study, MST network construction was carried out essentially as described for mtDNA polymorphism (15, 16) , applying a modified Prim algorithm and a single step mutation model (SSM). The latter is tantamount to the assumption that microsatellite allele length changes occur only via the insertion or deletion of one repeat unit at a time.
Analysis of molecular variance (AMOVA)
It has been demonstrated for mtDNA (15) that MSTs which best explain the unconstrained differences between haplotypes also tend to minimize both the total (σ 2 ) and the inter-population (σ a 2 ) molecular variance in geographically stratified samples (15) . The unconstrained fit of a given tree X to the data was measured by means of the so-called 'cophenic correlation coefficient', r(O,X), which is the larger the more distant pairs of unrelated but frequent haplotypes are located in the tree, without invoking any mutation model. Since small values of σ 2 and σ a 2 have thus been found to be reasonable criteria for the credibility of MSTs with mtDNA, we decided to employ these parameters in our study of Y-chromosomal microsatellites, too.
